Remorins play vital roles in signal transduction, energy transformation, ion flow and transport in plants. Upregulation of remorins correlates with dehiscence and cell maturation; however, no studies have been performed to elucidate the function of remorins in tree species. In this study, a Populus deltoides (Marsh.) plasma membrane-binding protein remorin gene (PdREM) was cloned and characterized by investigating its expression pattern and creating transgenic hybrid poplar (P. davidiana Dode × P. bolleana Lauche) lines expressing sense or antisense PdREM. PdREM was specifically expressed in leaf buds, and immature and mature phloem in P. deltoides. Downregulation of PdREM increased plant height, stem diameter, number of leaves, size of the xylem and phloem zones and induced expression of cell wall biosynthesis-and microfibril angle (MFA)-related genes. Overexpression of PdREM retarded vegetative growth. PdREM may negatively regulate vascular growth by inhibiting secondary cell wall expansion in poplar. In addition, antisense PdREM transgenic poplar had a lower MFA, suggesting that PdREM might contribute to sheet strength and wood properties in poplar. This study sheds light on the molecular mechanism of PdREM in P. deltoides growth and development, and lays the foundation for future functional genomics research into wood formation and the genetic engineering of forest trees with improved wood quality traits.
Introduction
Trees are one of the largest type of organisms, accounting for much of the biomass on land, and provide us with indispensable materials. The demand for wood materials continues to grow rapidly, and more trees with a high yield and fine quality will need to be planted on limited land to provide sufficient resources (Boerjan 2005) . The production of fast-growing genetically engineered trees with an excellent quality is a rapid and effective way to solve this problem. However, genetic engineering requires a detailed understanding of the molecular mechanisms regulating tree growth and development.
Proteins in plasma membranes play important roles in plant development (Bariola et al. 2004 , Raffaele et al. 2009a , 2009b . Remorins are plant-specific proteins. A remorin was first identified in Solanum tuberosum (L.) and named phosphorylated protein pp34 (Farmer et al. 1989 , Jacinto et al. 1993 . Remorins have hydrophilic properties and associate with the plasma membrane (Reymond et al. 1996, Rajendran and Simons 2005) , and have also been found in detergent-insoluble membranes that are thought to be the counterpart of lipid rafts Panstruga 2005, Laloi et al. 2007 ). Remorins have also been identified in Arabidopsis thaliana (L.) seedlings , Shahollari et al. 2005 , Medicago truncatula Research paper (Gaertn.) roots (Lefebvre et al. 2007) , leek (Allium porrum L.) seedlings (Laloi et al. 2007) , tobacco (Nicotiana tabacum L.) leaves (Mongrand et al. 2004) and Bright Yellow 2 (BY-2) cells (Morel et al. 2006) . Proteomic analysis indicates that >100 members of the remorin protein family exist within poplar xylem and phloem tissues (Song et al. 2011) . Although many studies have been performed on the nomenclature and classification of members of the remorin family (Lefebvre et al. 2007 , Raffaele et al. 2007 , the function and molecular mechanism of remorins in plant growth remain largely unclear.
Remorin proteins are speculated to play an important role in signal transduction, secretion and regulating bacterial infection (Coaker et al. 2004 , Rocco et al. 2008 , Widjaja et al. 2009 , Lefebvrea et al. 2010 . Lefebvrea et al. (2010) showed that remorin protein attaches to the host plasma membrane surrounding the bacteria and controls infection, and also interacts with the symbiotic receptors that are essential for the perception of bacterial signaling molecules. Remorins have also been shown to interact with Potato virus X (PVX), by binding directly to the triple gene block protein (TGBp1) (Ruiz-Medrano et al. 2004 , Raffaele et al. 2009a , 2009b . Furthermore, a recent study in M. truncatula showed that overexpression of a Lotus japonicas (L.) remorin gene (LjSYMREM) resulted in increased of numbers of nodules in L. japonicas (Toth et al. 2012 ). These studies have significantly improved our knowledge of the molecular functions of remorin genes.
Populus deltoides (Marsh.), a poplar species in the Section Aigeiros, is a tree with a high yield, fine quality, strong adaptability and disease resistance. Therefore, P. deltoides is used widely worldwide as an important species for poplar breeding. However, compared with our understanding of the function of remorin genes in Arabidopsis, M. truncatula, tobacco and other plants, the function of remorins in tree species remains largely unknown.
In this study, we isolated a remorin protein gene PdREM from P. deltoides, and found that the expression of PdREM was mainly observed in immature phloem (IP) and mature phloem (MP) in the stem of P. deltoides. Downregulation of PdREM expression could promote the vegetative growth of hybrid poplar (P. davidiana Dode × P. bolleana Lauche). Interestingly, the microfibril angle (MFA) of transgenic poplar plants expressing reduced levels of the PdREM gene was decreased under greenhouse cultivation. This research provides new data to help understand the function of PdREM in the growth and development of P. deltoides, which could be valuable for cultivating new clones of tree species with an improved wood quality.
Materials and methods

Plant materials
The PdREM gene was isolated from a 15-year-old P. deltoides tree. A hybrid poplar (P. davidiana × P. bolleana) was used for genetic transformation to characterize the function of PdREM.
Isolation, plant expression vector construction and genetic transformation of PdREM
The RNA was prepared from P. deltoides immature xylem (IX) using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. The coding region of PdREM was amplified from the cDNA by polymerase chain reaction (PCR) using the primer pair of P1 (Table S2 available as Supplementary Data at Tree Physiology Online), which was designed according to the sequence of Populus trichocarpa (Torr. & Gray) REM (PtREM; NCBI accession no. XM_002318188.1). The PCR product was ligated into the pGEM-T Easy vector (Promega, Madison, WI, USA) and sequenced, and the vector was named pGEM-T-PdREM.
The open-reading frame (ORF) of PdREM was amplified from pGEM-T-PdREM using the primer pairs P2 or P3 (Table S2 available as Supplementary Data at Tree Physiology Online) to yield cDNAs with different restriction sites at the 5′ and 3′ ends, respectively. The amplified DNAs were inserted into the XbaI and SacI sites of the intermediate vector pGEM-T to yield pGEM-T-sense PdREM and pGEM-T-antisense PdREM, respectively. XbaI and SacI were used to digest pGEM-T-sense PdREM, pGEM-T-antisense PdREM and the plant expression vector pBI121 (Clontech Labs, Inc., Palo Alto, CA, USA). Finally, PdREM was cloned into pBI121 vector in the sense or antisense orientation to create pBI121-sense PdREM and pBI121-antisense PdREM, respectively. These vectors were confirmed by sequencing, separately transformed into Agrobacterium tumefaciens (strain GV3101), and subsequently transformed into hybrid poplar (P. davidiana × P. bolleana) using the leaf disk transformation method (Zhang et al. 2008) . The selectable marker gene for the transgenic plants is neomycin phosphotransferase-II (NptII).
Characterization of transformed poplar
The transgenic poplar were grown in a greenhouse under natural light conditions, with an 18 h light/6 h dark photoperiod at a temperature of 22°C/15°C (day/night), and identified by PCR using the primer pair P4 (Table S2 available 
Analysis of the expression pattern and levels of PdREM and secondary cell wall-related genes
The expression patterns and levels of PdREM in different tissues of a P. deltoides tree and the transgenic poplar plants, and the expression patterns and levels of secondary cell wall-related genes in PdREM antisense-expressing transgenic plants were analyzed by relative-quantitative real-time PCR (qRT-PCR). The qRT-PCR analysis was performed using an ABI Prism 7500 sequence detector (Applied Biosystems, Foster City, CA, USA) and the SYBR ® Premix Ex TaqTM Kit (TaKaRa, Tokyo, Japan). Each PCR (final volume, 20 µl) contained 1 µl first-strand cDNA, 200 nM of each primer and 1× SYBR PCR mixture. Four replicates were conducted in parallel, and statistical analysis of the data was performed following the manufacturer's instructions (ABI Prism 7500 Sequence Detection System Users Guide). Gene-specific primer pairs (Table S3 available 
Toluidine blue O staining and microscopy
Every cross-section (~5-10 mm thick) of the internodes of transgenic hybrid poplar and wild-type (WT) stems were fixed overnight at room temperature (22°C) in formalin-alcoholacetic acid. The sections were dewaxed through an alcohol series and stained with toluidine blue O as described by Abbott et al. (2002) . The number of radial cell layers and the overall width of the xylem, phloem and cambium regions were measured under an inverted fluorescence microscope (Carl Zeiss, Oberkochen, Germany), and images were obtained with a digital color graphics displays camera (AP-1; Apogee Instruments Inc., Tucson, AZ, USA).
Microfibril angle measurement
Blocks of stem were excised from every transgenic and control poplar line at 5 cm above the pot. Microfibril angle was determined using the method described by Franklin (1945) . Macerated fibers were acquired from the parallel samples using a glacial acetic acid/hydrogen peroxide solution (1:1, v/v) at 60°C overnight. Individual fibers were pervaded on a microscope slide, and the MFA was measured by polarizing microscopy (Olympus BX51; Olympus, Melville, NY, USA).
Phylogenetic analysis and statistical analysis
REM protein sequences were retrieved from the GenBank and JGI database, and were aligned to construct a phylogenetic tree using the MEGA 4.0 software program (Tamura et al. 2007 ) by the neighbor-joining method.
The growth and wood properties data were analyzed by one-way analysis of variance (*P < 0.05; ANOVA, Fisher test) using the statistical software SPSS 11.0 (SPSS, Inc., Chicago, IL, USA).
Results
Confirmation of the identity of the P. deltoides vascular samples using marker genes for xylem and phloem
To expound the molecular mechanism of PdREM gene in the plant growth and development of P. deltoides, we cloned and expressed analysis of PdREM in different tissues and organs of P. deltoides. Vascular tissues were sampled from the height of 1.3 m on a mature stem segments by peeling the bark and scraping the IX and mature xylem (MX) from the exposed wood core, and the MP and IP from the bark (Table S1 available as Supplementary Data at Tree Physiology Online). To confirm that our analysis of the radial expansion of xylem cells separated from phloem cells when isolated from the poplar vascular tissues, we need to know the expression patterns of orthologs of recently reported marker genes of xylem and phloem zones from Arabidopsis or aspen. From these transcript expression analyses, the xylem marker genes P. trichocarpa secondary wall-associated NAC domain protein gene (PtrSND1), P. trichocarpa MYB transcription factor genes (PtrMYB90, PtrMYB20) and P. trichocarpa xylem cysteine protease gene (PtrXCP2) (Funk et al. 2002 , Patzlaff et al. 2003 , Karpinska et al. 2004 , Zhao et al. 2005 ) did exhibit a significant xylem-biased (IX and MX) expression pattern within the stem vascular tissues (Figure 1) . Specifically, phloem (IP and MP) samples contained very low levels of the xylem markers such as PtrSND1, PtrMYB90, PtrMYB20 and PtrXCP2. Similarly, the xylem (IX and MX) samples contained very low levels of phloem marker genes, including P. trichocarpa-altered phloem development gene (PtrAPL), P. trichocarpa MYB-related protein gene (PtrMYR1), P. trichocarpa clavata gene (PtrCLV1) and P. trichocarpa aintegumenta protein gene (PtrANT) (Mizukami and Fischer 2000 , Thelander et al. 2002 , Bonke et al. 2003 , the expression of which were relatively higher in phloem (IP and MP) samples (Figure 1 ). The expression pattern of marker genes (quality control) in adjacent tissues indicated that IP, IX, MP and MX were each isolated without significant contamination from neighboring tissue types.
Isolation of the PdREM gene from P. deltoides
Using the primer pair of P1 (Table S2 available Nucleotide sequence analysis revealed that the PdREM cDNA sequence had 64-96% similarity to the REM cDNA sequences from 18 other plant species. A phylogenetic tree of the REM proteins from P. deltoides and 18 other plant species was constructed to investigate their evolutionary relationships (Figure 2b ). The phylogenetic tree indicated that PdREM clustered closely with PtREM, Ricinus communis (L.) REM (RcREM) and Vitis vinifera (L.) REM (VvREM).
Structural analysis (http://smart.embl-heidelberg.de/) predicted that several protein domains exist in the PdREM protein (Figure 2a ). PdREM contains a conserved C-terminal coiledcoil domain between residues 120 and 160 (Figure 2a ). Other domains were predicted with a high degree of consistency, including a conserved stereotypical basic region leucine zipper (BRLZ) motif between residues 130 and 185 (E = 1.09e + 03, Figure S1 available as Supplementary Data at Tree Physiology Online), an activator of the cystatin-like domain (CY) situated between residues 42 and 134 (E = 1.32e + 03), a putative Cdc37 protein kinases motif located between residues 40 and 175 (E = 1.04e + 05), and an eukaryotic translation initiation factor A (eIF-1A) repeat situated between residues 53 and 122 (E = 5.36e + 02, 
PdREM expression pattern
We investigated the expression patterns of PdREM in P. deltoides IP and IX, MP and MX, leaves, leaf buds and male flower buds by qRT-PCR. The results indicated that PdREM was expressed in all of the tissues and/or organs tested; however, the relative expression levels varied significantly (Figure 1) . The level of PdREM expressed in IX was similar to that in MX, but much lower than that in phloem. The level of PdREM expressed in IP was nearly twice that in MP, and eight times higher than that in xylem. The highest PdREM expression level was found in leaf buds, and the lowest in male flower buds. These results suggest that PdREM may play an important role in leaf bud and phloem formation.
Verification of PdREM transgenic poplar and effects of expressing PdREM sense or antisense on primary growth in poplar
The leaf disks of hybrid poplar were transformed with sense or antisense PdREM vectors, respectively. The transformants were screened by PCR amplification of an NptII-specific fragment (Figure 3a) . Additionally, the genomic DNA of the transformants was screened by hybridization to a biotin-labeled NptII-specific probe. Southern hybridization revealed that the detected transgenic plants expressed at least two copies of the PdREM gene (Figure 3c) . We quantified the expression of PdREM in the stem tips of the transgenic plants. In PdREM sense-expressing lines re1 and re2, PdREM expression was increased by 97.4-125.6% in the stems compared with WT. In the PdREM antisense-transgenic lines 8013 and 8017, the expression of PdREM was reduced by 32.1-43.0% compared with WT ( Figure 3b) .
As early as 6 weeks after transformation, ~60% of the leaf disks transformed with the antisense PdREM construct were differentiated and regenerated, and developed into welldefined shoots with leaves (data not shown). In contrast, organogenesis was delayed in the leaf disks transformed with the sense PdREM construct. The ability to produce well-defined shoots or leaves was reduced in the leaf disks transformed with sense PdREM, compared with leaf disks transformed with antisense PdREM (data not shown).
In the 4 weeks after the regenerated shoots were transferred to fresh medium, the PdREM antisense-expressing transgenic poplar seedlings grew up to 8 cm tall, and had well-formed leaves and expanded internodes. Additionally, 50% (10 independently transformed lines) of the PdREM antisenseexpressing transgenic poplar seedlings produced elongated stems and displayed vigorous growth, especially with multiple branches emerging from a single node. In contrast, PdREM sense-expressing transgenic seedlings had shorter internodes, and the leaves were reduced to small outgrowths.
As shown in Figure 4 , 1.5-year-old transgenic poplar plants had different heights and widths compared with WT poplar. The PdREM antisense-expressing transgenic lines 8017, 8015 and 8013 displayed increased vegetative growth with thicker and stronger branches, and increased stem diameter compared with WT poplar cultivated in the same greenhouse (Figure 5c and d) . In contrast, the PdREM sense-expressing transgenic lines had smaller shoots and a diminished stem diameter compared with WT.
The leaf length and width increment between leaf 1 and 30 was reduced in PdREM sense-expressing transgenic lines; (Table S2 available PdREM sense-expressing transgenic lines produced 18-22% fewer leaves compared with WT (data not shown). However, in the PdREM antisense-expressing transgenic lines, the leaves grew faster and resulted in a larger final leaf size (Figure 5a and b).
Molecular cloning and functional analysis of PdREM 1115
Expression of antisense PdREM results in ectopic expansion of the secondary walls
The transverse anatomical structure of PdREM antisense-and sense-expressing transgenic plantlets was investigated. An altered vascular radial patterning was observed in PdREM antisense-expressing transgenic plants, as the xylem zone was significantly expanded (P = 0.003, Figures 6d and f and 7c and f; Table S6 available as Supplementary Data at Tree Physiology Online). The cambium zone was significantly widened (P = 0.001), and the number of cell layers in the cambium zone was significantly increased (P = 0.013) in PdREM antisenseexpressing transgenic poplar (Figure 7b and e; Table S6 available as Supplementary Data at Tree Physiology Online). In contrast, the xylem zone was significantly narrowed (P = 0.01) and the number of radial cell layers in the xylem regions were significantly reduced (P = 0.003) in PdREM sense-expressing transgenic plants (Figures 6d and e 
Effect of expressing antisense PdREM on the expression of secondary wall biosynthesis-associated genes
We investigated the effects of antisense PdREM on the expression of secondary wall biosynthesis genes by qRT-PCR. Two genes, trans-cinnamate 4-hydroxylase (PtrC4H) and cinnamyl alcohol dehydrogenase (PtrCAD10), associated with cell wall biosynthesis, and three genes associated with MFA, fragile fiber 8 (PtrFRA1), beta-tubulin 7 (PtrTUB7) and sucrose synthase 1 (PtrSuS1), were selected for investigation. Compared with WT, the expression levels of PtrTUB7 and PtrSuS1 were significantly increased by 118.6-322.8% in the three PdREM antisenseexpressing transgenic lines tested; PtrC4H increased by 873.8% and PtrCAD10 increased by 186.7% in two of the three tested lines; and PtrFRA1 increased by 284.2% in one line (Figure 8 ). These results indicated that some secondary wall biosynthesis genes were increased in the PdREM antisense-expressing transgenic poplar lines.
Effect of PdREM on MFA
The MFA of the stem at 5 cm above the pot was measured in PdREM antisense-expressing transgenic lines. The MFA of the stem was significantly lower in PdREM antisense-expressing transgenic lines (10.2-11.1°) than in WT (12.4°; Figure 7h ).
Discussion
PdREM is mainly expressed in leaf buds and IP, suggesting that PdREM may play a vital role in stem development and phloem formation
In non-tree species, remorins are mainly expressed in internal phloem and maturing dehiscent tissues. Remorins are highly expressed in the vascular bundle organs in tomato (Lycopersicon esculentum Miller) plants, particularly around internal phloem in stem sections (Bariola et al. 2004) , and Raffaele et al. (2009a Raffaele et al. ( , 2009b showed that the expression of remorins was significantly higher in maturing dehiscent tissues and the branched plasmodesmata region compared with very young tissues and the primary plasmodesmata region in tobacco. In this study, PdREM was found to be predominantly expressed in the leaf buds and IP of P. deltoides. This tissue-specific expression pattern indicates that PdREM may be involved in stem development and phloem formation.
Putative function of the C-terminal domain of PdREM protein
In L. japonicas, the C-terminal region of remorin protein (LjSYMREM1) contains a coiled-coil domain that contributes to the interaction of this protein with receptor-like kinases (Toth et al. 2012) . Marin et al. (2012) found that the N-terminal region of Arabidopsis remorin protein (AtREM1.3) mediates proteinprotein interactions. For PdREM, several important regions were identified in the C-terminal region of PdREM protein, including a BRLZ domain. This domain is a DNA-binding site that may bind to regions of the putative promoter sequences of Populus lignin biosynthesis (PtrC4H, PtrCAD10) and MFA (PtrFRA1, PtrSuS1)-associated genes; binding of the BRLZ domain to these regions may represent an activation or repression signal (Table S7 available as Supplementary Data at Tree Physiology Online). Raffaele et al. (2009a Raffaele et al. ( , 2009b reported that modulation of REM expression in tomato did not significantly alter in plant development, except for slightly early senescence in REM senseexpressing transgenic plants (Raffaele et al. 2009a (Raffaele et al. , 2009b . However, for PdREM, phenotypic changes were obvious in PdREM transgenic hybrid poplar plants. Leaf size, leaf number and stem internode size increased when the PdREM was downregulated, whereas the PdREM sense-expressing transgenic poplar lines re1, re2 and re3 were thin, stunted and had shorter leaves compared with WT plants. The increased leaf size and number and longer average internode length in PdREM antisenseexpressing transgenic lines (Figure 5a , b and e) indicates that PdREM might function as a negative regulator of plant growth.
Effects of altering PdREM expression on primary and secondary growth
Overall, the stem of hybrid poplar (P. davidiana × P. bolleana) develops around a central pith, encircled by continuous layers of secondary phloem, a cambium zone, secondary xylem, cortex and an outer epidermis (Figure 6a-f) . As illustrated by serial sectioning of the poplar stems, only subtle differences in primary growth were observed in the first two or three internodes within the stem sections of hybrid poplar (P. davidiana × P. bolleana) (data not shown); however, significant differences were observed in older internodes during the secondary growth stages. The consistent increase in the amount of secondary xylem and the range of measurements at the 15th internode (Figures 6d-f and 7a-g; Table S6 available as Supplementary Data at Tree Physiology Online) indicate that downregulation PdREM was associated with increased secondary growth, and that PdREM may regulate cell expansion and ectopic expansion of the secondary walls in poplar. The increased stem diameter in PdREM antisense-expressing transgenic lines (Figure 5c ) could be a result of either an increased rate of xylem cell formation by the cambium and/or increased radial expansion of the xylem cells. These results suggest that PdREM has a complex mode of action that may include the regulation of cell fates through modification of the extracellular or intracellular matrix (Sage 2001) .
Effect of PdREM on wood properties
Microfibril angle is a significant determinant of timber strength (stiffness) in lignified plants (Cave and Walker 1994) . Cellulose microfibrils are imbedded in a complex mold composed of lignin and hemi-cellulose, which adds strength to the wood tissue (Plomion et al. 2001) . If the MFA is low, the wood will be stiff and hard, and as MFA increases, wood becomes more fragile and brittle (Evans and Ilic 2001) . It has been shown that P. deltoides PdCYTOB is a cytokinin-binding-protein gene, which is related to the wood properties of P. deltoides. The MFA of antisense-PdCYTOB transformed hybrid poplar (P. davidiana × P. bolleana) was decreased by 4.9-24.4%, compared with untransformed lines in the greenhouse (Li et al. 2011a (Li et al. , 2011b . PdREM is the second valuable gene identified to promote wood strength in P. deltoides. In this study, a 10.0-17.5% reduction in MFA was observed in the PdREM antisense-expressing transgenic lines compared with control lines. PdREM may be of particular importance in the genetic engineering of novel lines to allow for less fiber and more inexpensive fillers to be used in papermaking. The molecular mechanism by which PdREM decreases the MFA in transgenic plants is not clear. We assume that PdREM regulates MFA-associated genes (such as PtrFRA1, PtrTUB7 and PtrSuS1); therefore, downregulation of PdREM expression would alter the MFA (Figure 8 ).
In this study, PdREM is primarily expressed in the IP and MP, which suggests that it could play a key role in wood formation. The expression levels of two genes associated with cell wall biosynthesis and three genes associated with MFA were increased in the PdREM antisense-expressing transgenic lines. So, wood phenotypes and MFA phenotypes were obvious in PdREM transgenic hybrid poplar plants, which indicates that PdREM may have an indirect effect of improving wood quality traits.
In summary, we cloned PdREM from P. deltoides. PdREM was predominantly expressed in leaf buds, IP and MP. Overexpression and downregulation of PdREM in hybrid poplar indicated that PdREM plays important role in plant growth and development. Overexpression of PdREM resulted in a reduced stem diameter and leaf number, and narrower xylem and phloem zones. Downregulation of PdREM resulted in increased plant height and leaf size, thicker and stronger branches, and wider xylem and phloem zones. Furthermore, the MFA of antisense PdREM transgenic poplar plants was reduced in the greenhouse, which suggests that the PdREM might contribute to lumber strength and wood properties in Populus. Further investigation of the molecular mechanism of PdREM, and identification and characterization of the genes and proteins which it interacts with may provide significant breakthroughs in our knowledge of the mechanisms that regulate tree growth and wood quality.
Supplementary Data
Supplementary data for this article are available at Tree Physiology Online. Figure 8 . qRT-PCR analysis of the expression of selected secondary wall biosynthesis-associated genes and MFA-related genes in PdREM antisense-expressing transgenic and WT plants. Five genes associated with cell wall biosynthesis were examined: PtrC4H, PtrCAD10, PtrFRA1, PtrTUB7 and PtrSuS1. TUA1 was used as a reference gene, and the expression level of each gene in the WT background was set to 1. Values are the mean ± standard error of the fold changes for three biological replicates. Asterisks indicate significant differences compared with WT (*P < 0.05).
